The respiratory bacterial nitric-oxide reductases catalyze the two-electron reduction of two NO radicals to N 2 O, which involves formation of an N-N bond.
Three subclasses of bacterial NOR 1 can be identified: the cytochrome c-dependent NorCB enzymes (1, 2) ; the quinoloxidizing NorZ enzymes (3) , and a quinol-oxidizing Cu A -containing NOR (4) . NORs are present in many bacterial and archaeal branches and provide a route for the reductive metabolism of cytotoxic nitric oxide, in which electrons are derived from membrane-associated respiratory electron transport systems. They are biochemically distinct from the recently described NorVW flavorubredoxin cytoplasmic nitric-oxide reductases of enteric bacteria (which take electrons from NAD(P)H) and the P450 NORs of fungal denitrification (5, 6) . Most biochemical work, to date, on bacterial respiratory NORs has been carried out on the NorCB class of enzyme, which has been purified from Paracoccus denitrificans, Pseudomonas stutzeri, and Paracoccus halodenitrificans (7) (8) (9) (10) (11) . The NorC subunit is a monoheme c-type cytochrome that possesses an N-terminal transmembrane helix, which anchors the heme domain to the periplasmic face of the cytoplasmic membrane. The NorB subunit is a close relative of the catalytic subunit of respiratory heme-copper oxidases (e.g. cytochrome aa 3 oxidase), which characteristically folds into 12 transmembrane helices that bind two metal centers: (i) a bis-histidine coordinated magnetically isolated low spin heme and (ii) a magnetically coupled dinuclear center formed by a high spin heme and a copper ion (Cu B ), which is the site of oxygen reduction. Secondary structure modeling of NorB suggests a similar 12 helical arrangement and cofactor binding property (12, 13) . One key difference between NorB and other heme-copper oxidases is the composition of the dinuclear center, which contains non-heme iron (Fe B ) rather than copper. The three histidine residues responsible for ligating Cu B in oxidases are completely conserved in NorBs, where they are likely to be Fe B ligands. It is also possible that an additional oxygen ligand is provided by a conserved glutamate in helix IV that is essential for NOR activity (14) . In addition, the histidine that could provide the proximal ligand to the active site heme of the dinuclear center is also conserved in NORs (His-326 in P. denitrificans).
Electron transfer between the redox centers in P. denitrificans NorCB has been studied and supports the view that the arrangement of these sites is similar to that found in hemecopper oxidases. Intramolecular electron redistribution after photolysis of the partially reduced CO-bound enzyme shows that electron transfer proceeds from heme c via the low spin heme b to the [heme b 3 -Fe B ] active site (15) . Electron transfer between heme c and b is coupled to the generation of an electric potential, consistent with an electron moving from the outer face of the membrane into the membrane interior. However, and in contrast to cytochrome oxidases, the protons for NO reduction are taken up from the periplasmic face, and the enzyme is not a proton pump (14, 16) .
In the fully oxidized state, the UV-visible spectrum of NorCB, prepared from the denitrifying bacterium P. denitrificans, is characterized by a ligand-to-metal charge transfer (LMCT) absorption band at 595 nm. This distinct feature is thought to arise from the high spin ferric heme iron of a -oxo-bridged heme [Fe(III)-O-Fe(III)] active site. Reduction of the non-heme iron yields an active site in which the ferric heme b 3 is ligated by water or hydroxide, depending on the pH (17) . At present, it is not known to which redox state of the enzyme nitric oxide binds during the catalytic cycle. To probe the affinity of different redox states of the active site for exogenous ligands, cyanide binding to the fully oxidized, half-reduced and fully reduced states has been studied. Redox statedependent ligand binding is observed that suggests a potentialdependent opening of the active site.
EXPERIMENTAL PROCEDURES
Preparation of NOR-NOR for this study was prepared from the P. denitrificans strain 93.11 (⌬ctaDI, ⌬ctaCII qoxB::kan R ) grown in a Bioengineering 100-liter fermenter in minimal medium under anaerobic denitrifying conditions. The enzyme was purified according to Hendriks et al. (10) with minor adjustments.
NOR Activity Assays-Nitric-oxide reductase activity was measured using a Clarke oxygen electrode using the method described by Hendriks et al. (10) . Oxygen present in the reaction vessel was removed using a glucose (16 mM)/glucose oxidase (4 units ml Ϫ1 )/catalase (20 units ml Ϫ1 ) system. NOR was preincubated with excess potassium cyanide and then reduced using sodium ascorbate (5 mM) and TMPD (1.5 mM). The reaction was started by the addition of a saturated NO solution. Preparations of 95% pure NOR, as judged by SDS-PAGE, resulted in turnover numbers of 2000 mol of NO min Ϫ1 mol Ϫ1 of NOR. UV-visible Spectroscopy-All spectra were recorded on a Hitachi U3310 spectrophotometer.
Cyanide Binding to Oxidized NOR-NOR, of a protein concentration of 10 or 20 M in 100 mM phosphate buffer, pH 7.6, supplemented with 0.02% (w/v) dodecyl-␤-D-maltoside, was used for all experiments. Additions of potassium cyanide were made to samples at up to 50,000 times molar excess. Spectra were collected once equilibrium was achieved. For concentrations under 500 times molar excess, equilibrium was reached after a number of days.
Cyanide Binding to Reduced NOR-Titrations of reduced NOR were performed under anaerobic conditions using 10 or 20 M protein. Full reduction was achieved with 0.3 mM final concentration sodium dithionite. Three-electron reduction of NOR was achieved using hexaruthenium III chloride and sodium ascorbate at a final concentration of 2 mM and 4 mM, respectively. The initial spectra were collected 20 min after addition of the reductant. Additions of potassium cyanide were made to fully reduced NOR up to 50,000 times molar excess. Three-electronreduced NOR (10 M) was titrated with cyanide at substoichiometric concentrations. Spectra were collected when equilibrium was achieved.
Kinetics of Cyanide Binding to Oxidized and Reduced NOR-Samples were prepared as described above. Ligand solutions were added to NOR at saturating concentrations of 1000-fold molar excess of cyanide under all redox conditions. The fully reduced NOR was also incubated with 100-fold molar excess of potassium cyanide. Three-electron-reduced NOR was also incubated with equimolar amounts of cyanide. Spectra were taken periodically over a number of hours.
Treatment of Binding Data-The fractional saturation Y of NOR by cyanide was calculated from the relationship in Equation 1,
where ⌬A is the observed absorbance change at a specified wavelength in response to the addition of ligand, and ⌬A max is the maximum absorbance change seen under ligand saturation conditions. The dissociation constant K D is defined by Equation 2,
where .
K D values were calculated using a nonlinear regression analysis using Tablecurve 2d software.
RESULTS AND DISCUSSION
The Effect of Cyanide on NOR Activity-At the outset of this work, the inhibitory effect of cyanide on P. denitrificans NorCB was investigated. In enzyme preincubated with sodium ascorbate and TMPD, which served as the electron donor system, it was apparent the cyanide was a strong inhibitor of NOR activity, with the I 50 (0.2 M enzyme) being around 10 mM (Fig. 1) .
Cyanide Binding Properties of Fully Oxidized NOR-The visible absorption spectrum of oxidized P. denitrificans NorCB is dominated by the features arising from low spin hemes c and b in the Soret region (410 nm) and the ␣/␤ region (510 -570 nm). In addition, a LMCT band is present at 595 nm. The position of LMCT bands is indicative of heme ligation (17) ; in NOR this band is blue shifted in respect to other such bands suggesting unusual ligation to this heme. Resonance Raman studies have led to the proposal that this is because of the absence of a proximal histidine ligand to the -oxo-bridged heme b 3 (18) . The addition of a 1000-fold molar excess of cyanide (10 mM KCN to 10 M NOR) to oxidized P. denitrificans NorCB resulted in the slow disappearance of the LMCT band at 595 nm (Fig. 2, A and B) . This disappearance was coincident with an increase in the broad absorbance envelope of the low spin ferric hemes at 510 -570 nm (Fig. 2, A and B) and a red shift in the Soret band from 410 to 413 nm (Fig. 2, A and B) . Binding of cyanide could be followed by monitoring the loss of the LMCT band at 595 nm, which showed that cyanide saturation was reached after 420 min (Fig. 2C) . Cyanide binding, monitored as a function of cyanide concentration over the range 0 -40 mM, yielded a K D (KCN) of 700 M (Fig. 2D ). This value is 700 times higher than that reported for cytochrome aa 3 oxidase of 1 M (19) and suggests that the presence of the -oxo bridge in the active site causes the heme b 3 to be closed to ligands. The decrease of the LMCT band at 595 nm suggests that the binding of cyanide, which can exert a strong ligand field, binds to the high spin ferric heme b 3 and converts it into a low spin species. This leads to the associated increases in absorbance in the low spin heme Soret and ␣/␤ absorbance envelopes.
Cyanide Binding Properties of Fully Reduced NOR-Fully (four-electron) reduced NorCB is characterized by a Soret absorption peak at 420 nm, ␤ absorption peaks at 520 -530 nm arising from low spin ferrous hemes, and an ␣ absorption peak at 550 nm arising from the low spin NorC heme c with a shoulder at 560 nm arising from the low spin NorB heme b (Fig.  3A) . The weak ␣-band absorption of high spin ferrous heme b 3 is largely obscured by the absorbance of the low spin ferrous hemes but may be detectable as a broadening of absorbance at 575 nm (Fig. 3, A and B) . The addition of a 1000-fold molar excess of cyanide (10 mM KCN to 10 M NOR) resulted in two kinetically distinct spectral changes. In the first phase, an increase in absorbance at 560 nm (but not 550 nm) occurred (Fig. 3A, inset, and C) . This coincided with an increase in absorbance of the ␤ and Soret absorption bands of reduced low spin heme at 520 -530 nm and 420 nm, respectively, and a decrease in absorbance at around 575 nm. Taken together, the absorbance changes suggest that cyanide binds to the high spin ferrous heme b 3 and causes a high spin to low spin transition. Titration of this first binding event as a function of cyanide concentration yielded a K D (KCN) of 650 M (Fig. 3D) , which is in the range of that seen for cyanide binding to the ferric heme b 3 in fully oxidized NOR (700 M) and ferric cytochrome bo 3 (20) .
The second temporally resolved phase was diagnosed by a progressive decrease in absorbance of the Soret (420 nm), ␤ (520 -530 nm), and ␣ (560 nm) bands of low spin ferrous heme b and an increase at 575 nm signifying the reversion to a high spin species (Fig. 3C) . This second phase suggests that after the formation of the low spin hexacoordinate species [His- (Fig. 3C) . At this concentration of cyanide, the active site of NOR only reaches 50% saturation (Fig. 3D) . Therefore, the data presented in Fig. 3C show the absorption change of this band as a percentage of the total absorption change expected if the first phase of cyanide binding had reached its end point.
Cyanide Binding to Three-electron-reduced NOR-The faster binding and comparable affinity of cyanide for ferrous heme b 3 (in fully reduced NorCB) and ferric heme b 3 (in fully oxidized NorCB) contrasts to the situation frequently encountered in simple monoheme proteins (such as hemoglobin and horse heart cytochrome c) where cyanide (acting as a bond donor) binds with much greater affinity to the ferric rather than the ferrous heme. For example, the K D for cyanide binding to ferric and ferrous hemoglobin is Ͼ1 ϫ 10 Ϫ9 M and 10 M, respectively (22) . A possible factor restricting cyanide access to the distal side of the NOR ferric heme b 3 in fully oxidized enzyme is the presence of the -oxo bridge between the heme and non-heme ferric ions. To investigate this possibility, cyanide binding to three-electron-reduced NorCB was investigated. Redox potentiometry revealed that the dinuclear center Fe B has a midpoint redox potential (E m , Fe III/II , pH 7.6) of 320 mV, whereas the high spin heme b 3 has a surprisingly low E m (pH 7.6) of 60 mV (9) . Because the midpoint potentials of the low spin hemes c and b and the non-heme iron of NOR are around 200 mV higher than that of the high spin heme b 3 , it is possible to poise NorCB samples in a three-electron-reduced state in which the dinuclear center is in a mixed valence half-reduced state ([heme b 3 Fe(III) Fe B (II)]). These states have been trapped previously in electrochemically poised samples (17) . No previous studies of ligand binding to NOR in this three-electron- reduced state have been undertaken. During electrochemical poising of proteins, it is necessary to use redox mediators to facilitate electron transfer from the electrode surface to redox centers buried within the protein. Many of these compounds are highly colored and can, therefore, interfere with some spectral analysis. During the present study, a method was developed that generates a stable three-electron-reduced state by incubation with hexamine ruthenium(III) chloride and sodium ascorbate. The ruthenium complex is a noncolored redox mediator providing a clean spectral window in which to undertake ligand binding studies.
The chemically poised three-electron-reduced state is characterized by an absorbance peak at 550 nm with a shoulder at 560 nm that arises from ferrous low spin hemes (NorC heme c and NorB heme b) and a shift in absorbance of the LMCT band of the high spin ferric heme b 3 from 595 nm to 606 nm (Fig. 4,  A and B) . This is identical to that observed in electrochemically poised samples. These spectral changes have been attributed to the transition of the heme b 3 ferric iron from a pentacoordinate species with a vacant proximal site and distal -oxo ligand to a hexacoordinate species with a His-326 proximal ligand and a distal OH Ϫ ligand (17) . As in the fully reduced enzyme, the addition of a 1000-fold molar excess of cyanide (10 mM KCN to 10 M NOR) to the three-electron-reduced form gave rise to two kinetically distinct phases of optical transitions (Fig. 4, A and  B) . Within the first minute following the addition of cyanide, the 606-nm LMCT band disappeared. This coincided with an increase in absorbance in the region of 520 -570 nm and suggests that the high spin ferric heme b 3 has bound cyanide and been converted to a low spin hexacoordinate species [His-Fe III -CN] with an ␣ absorption band that lies under the ␣/␤ bands of the low spin ferrous hemes c and b.
The second slower phase was the slow appearance of an LMCT band at 660 nm (Fig. 4B ). This coincided with a decrease in absorbance in the region of 520 -570 nm. At high concentrations of cyanide, the first phase of binding is difficult to resolve over the time scale of the experiment. This phase was shown to be concentration-dependent and could be more easily resolved at lower cyanide concentrations (as illustrated in Fig. 4C) where NOR was incubated with equimolar cyanide (10 M NOR). Fig. 4C shows the changes observed at 606 nm. At this wavelength, the LMCT band can be seen to decrease, suggesting that cyanide binding to the heme b 3 results in a high to low spin transition of this heme. This decrease is followed by an increase in intensity because of the appearance of the band at 660 nm. In principle, this second phase can again be explained in terms of cyanide binding rapidly to the (Fig. 4D) . This is 1000 times tighter than that seen for the fully oxidized or fully reduced enzymes. This difference in binding, seen in the ferric heme b 3 
CONCLUSIONS
This study has for the first time compared the binding of an exogenous ligand at the active site heme b 3 of bacterial NOR in three different redox states. Cyanide is a small anionic ligand that has been used extensively as a substrate to probe the ligand binding properties of the dinuclear center of heme-copper oxidases (see Ref. 21 for review) and is isoelectronic with the nitric oxide radical. The most significant observation that emerges is that cyanide binds 1000 times more tightly to the ferric heme b 3 of the three-electron-reduced enzyme than to the ferric heme b 3 of the fully oxidized enzyme, suggesting the presence of an open and closed ferric heme form of the dinuclear center. This observation has implications when considering binding of nitric oxide to NOR during the catalytic cycle.
Previous studies have shown that in the three-electron-reduced form of NOR, the heme b 3 is a high spin hexacoordinate species with His and OH (2) axial ligation (17) . In the fully oxidized form of the enzyme, the binding of cyanide to the heme b 3 induces the transition from a high spin species to a low spin species. It is of course possible to imagine a scenario in which cyanide binds to the proximal side of the heme b 3 , where the -oxo bridge remains intact, and that the low affinity of this species for cyanide is because of steric hindrance in this region. However, when considering these data in conjunction with that for the three-electron-reduced form of NOR, where the affinity for cyanide is 1000 times greater, the off rate for the -oxo bridge appears most likely to be the rate-limiting factor in cyanide binding to the ferric heme b 3 in the fully oxidized enzyme. It is, therefore, proposed that the form of the low spin heme b 3 present in the fully oxidized NOR cyanide species has a His/CN axial ligation pair with His-236 as the proximal ligand.
Another new and important observation is that in both open states, i.e. the three-electron-reduced and four-electron-reduced enzyme, there appears to be a rearrangement of the active site following the initial cyanide binding. The spectral changes suggest transition from a low spin cyanide-bound heme b 3 , with a His/CN axial ligand pair, to a high species. The latter species gives a new LMCT band in the ferric state, assignment of which will require complimentary spectroscopic techniques such as FTIR. However, given that a bridged species is seen in the ferrous oxidase cyanide complex (21) , it is tentatively suggested that such a species could also occur in NOR, the formation of which could lead to the loss of the proximal histidine ligand.
It has been shown previously that in the oxidized form the heme iron and the non-heme iron of the dinuclear center are -oxo-bridged (8) . Redox potentiometry has revealed that the low spin hemes c and b of NorCB have E m values (pH 7.6) of 280 and 345 mV, respectively, and that the dinuclear center Fe B has an E m (pH 7.6) of 320 mV (9) . These are well poised thermodynamically for electron input from soluble periplasmic electron donors, such as cytochrome c 550 (E m , 260 mV) and pseudoazurin (E m , 230 mV). However, the high spin heme b 3 has a surprisingly low E m (pH 7.6) of 60 mV, which imposes a large thermodynamic barrier to reduction by the low spin electron-transferring hemes c and b. This has raised the possibility that the open one-electron-reduced active site [heme b 3 Fe IIIFe B II ] is the relevant substrate-binding state for the catalytic cycle (9, 18) . This is now supported by the results of the present ligand binding study, which is the first to probe this mixed valence state of the NOR active site with an exogenous ligand and shows that, in this state, the affinity for cyanide is 1000 times higher than in the fully oxidized or fully reduced state. This suggests that the -oxo-bridged form of NOR is a closed state with respect to ligand binding that can be opened on the input of one electron into the dinuclear center. The details of the reduction of nitric oxide by NOR is currently the subject of much debate, and the observations presented here provide an important step toward the elucidation of this mechanism.
